Reciprocal epithelial-mesenchymal signaling is essential for morphogenesis, including branching of the lung. In the mouse, mesenchymal cells differentiate into airway smooth muscle that wraps around epithelial branches, but this contractile tissue is absent from the early avian lung. Here, we have found that branching morphogenesis in the embryonic chicken lung requires extracellular matrix (ECM) remodeling driven by reciprocal interactions between the epithelium and mesenchyme. Before branching, the basement membrane wraps the airway epithelium as a spatially uniform sheath. After branch initiation, however, the basement membrane thins at branch tips; this remodeling requires mesenchymal expression of matrix metalloproteinase 2, which is necessary for branch extension but for not branch initiation. As branches extend, tenascin C (TNC) accumulates in the mesenchyme several cell diameters away from the epithelium. Despite its pattern of accumulation, TNC is expressed exclusively by epithelial cells. Branch extension coincides with deformation of adjacent mesenchymal cells, which correlates with an increase in mesenchymal fluidity at branch tips that may transport TNC away from the epithelium. These data reveal novel epithelialmesenchymal interactions that direct ECM remodeling during airway branching morphogenesis.
INTRODUCTION
Branching morphogenesis requires reciprocal signaling between the epithelium and mesenchyme in many organs, including the lung. Growth factors and other soluble signals expressed by the mesenchyme have been found to direct airway branching morphogenesis in both mammals (Bellusci et al., 1997; Lebeche et al., 1999; Min et al., 1998; Park et al., 1998; White et al., 2006) and birds (Moura et al., 2011) . The relative balance of morphogens and their antagonists within the mesenchyme appears to influence the number, position and shape of epithelial branches (Gleghorn et al., 2012; Volckaert et al., 2013) . Physical signals from the mesenchyme also influence the formation of epithelial branches during lung development. In the mouse, airway smooth muscle wraps the epithelium in a pattern that presages terminal bifurcation of the epithelium . Conversely, morphogens secreted by the epithelium and the mesothelium that surrounds the lungs direct the differentiation of the mesenchyme adjacent to the airways (Cohen et al., 2009; Kim et al., 2015; Mailleux et al., 2005; Warburton et al., 2005; White et al., 2006) . For example, epithelial expression of sonic hedgehog (SHH) (White et al., 2006) promotes airway smooth muscle differentiation (Weaver et al., 2003) . This reciprocal biochemical and mechanical signaling permits the epithelium and mesenchyme to sculpt each other into the final architecture of the lung.
In many branching programs, the extracellular matrix (ECM) is actively remodeled to facilitate the initiation, extension and shaping of branches (Kim and Nelson, 2012) . The basement membrane is thought to influence epithelial growth and changes in branch shape (Bonnans et al., 2014; Daley and Yamada, 2013) . Assembly of the basement membrane begins with polymerization of laminin at the cell surface (Hohenester and Yurchenco, 2013) ; laminin is expressed predominantly by the developing epithelium in the embryonic chicken (Chen et al., 1986) and rodent (Wu and Santoro, 1996) lungs. In addition to binding to cell-surface receptors, the laminin network is linked to the cell surface indirectly through interactions with heparan sulfate proteoglycans, including perlecan, which is expressed by mesenchymal cells in the chicken lung (Soulintzi and Zagris, 2007) . These proteoglycans also connect the laminin network to type IV collagen as the basement membrane matures. Collagen IV is expressed by both the epithelium and mesenchyme in the embryonic rodent lung (Wu and Santoro, 1996) and may be similarly expressed in the bird. Remodeling of the mature basement membrane is required for branching morphogenesis of the epithelium in the mammary gland (Fata et al., 2004; Gomes et al., 2015; Wiseman et al., 2003) and kidney (Riggins et al., 2010) . Similarly, basement membrane staining intensity is reduced at the tips of airway epithelial branches in both the mouse (Moore et al., 2005) and chicken (Abbott et al., 1991) , but it is unclear whether this remodeling is required to specify sites of branch initiation or to permit branch extension.
In addition to a potential role for the basement membrane in airway branching, the mesenchyme itself contains several ECM proteins, including fibronectin and tenascin C (TNC) (Gebb et al., 2005; Roth-Kleiner et al., 2004; Young et al., 1994) , which facilitate epithelial-mesenchymal interactions during morphogenesis. For example, lungs from TNC-deficient mice form significantly fewer branches than wild-type lungs (Roth-Kleiner et al., 2004) and adding TNC to embryonic lung explants increases the number of epithelial branches (Gebb et al., 2005) . Therefore, the current paradigm posits that mesenchymal expression of TNC results in the accumulation of this ECM protein at branch tips to facilitate epithelial branching (Erickson and Bourdon, 1989) . However, it is unclear how the expression and distribution of TNC are regulated during lung development.
In cultured fibroblasts, mechanical stress increases TNC expression (Chiquet-Ehrismann et al., 1994; Chiquet et al., 1996) , which in turn suppresses cellular adhesion to the underlying substratum (Chiquet-Ehrismann and Chiquet, 2003; Midwood et al., 2004) . Therefore, TNC may accumulate in specific locations in the developing lung as a result of mechanical stresses transmitted between the epithelium and the mesenchyme. Conversely, the local accumulation of TNC may impact the mechanical properties of the mesenchyme. TNC is a highly extensible protein (Cao and Li, 2006; Oberhauser et al., 1998) and provides elasticity and mechanical stability to tissues (Kimura et al., 2014; Midwood et al., 2016) . Collectively, mesenchymal remodeling of the basement membrane and interstitial ECM may influence epithelial morphogenesis in the lung.
To define the relationship between ECM remodeling and airway branching morphogenesis, we characterized the distribution and intensity of the basement membrane and mesenchymal ECM prior to initiation and during extension of branches in the embryonic chicken lung. We found no evidence for basement membrane thinning or remodeling prior to or during branch initiation. After branch initiation, however, we found that the basement membrane is thinned at branch tips, which is necessary for branch extension. This basement membrane remodeling requires the activity of matrix metalloproteinases (MMPs), which are expressed in the mesenchyme. Additionally, as epithelial branches extend, TNC accumulates in the mesenchyme adjacent to branch tips. Surprisingly, however, TNC transcript is only expressed by the airway epithelium. We found that TNC expression requires signaling via focal adhesion kinase (FAK) and blocking FAK activation decreases branch extension. TNC accumulates in regions adjacent to extending epithelial branches where mesenchymal cells are deformed into elongated geometries. This change in mesenchymal cell shape and subsequent accumulation of mesenchymal TNC directly correlates with an increase in tissue fluidity within the mesenchyme around the branch tip, which may facilitate the transport of TNC protein through the mesenchyme. Our data therefore suggest that MMPs remodel the basement membrane, permitting branch extension. The extending epithelial branch compresses adjacent mesenchymal cells, which induces an increase in tissue fluidity and the transport of TNC from the epithelium into the mesenchyme. The resulting accumulation of TNC would be expected to change the local properties of the mesenchymal microenvironment and thereby influence epithelial branch extension in the embryonic chicken lung.
RESULTS

Airway epithelial branches initiate into undifferentiated mesenchyme in the embryonic chicken lung
Branching morphogenesis has long been appreciated to depend on reciprocal interactions between an epithelium and its surrounding mesenchyme (Wessells, 1970) . In the early mammalian lung, the mesenchyme serves as a source of epithelial morphogens (Bellusci et al., 1997; Min et al., 1998; Morrisey and Hogan, 2010) and also differentiates into airway smooth muscle that wraps around the epithelium as it branches . We isolated lungs from chicken embryos between Hamburger and Hamilton stages (HH) 25-HH33 and stained for pan-cytokeratin (CK, airway epithelial marker) and α-smooth muscle actin (αSMA, smooth muscle marker). This analysis revealed that, from HH25 to HH28, the chicken airway epithelium branches in the absence of smooth muscle. In fact, no airway smooth muscle is detected until HH33, which is ∼72 h after branching initiates ( Fig. 1A-O) . These data suggest that, in the avian lung, a different set of epithelialmesenchymal interactions governs branching morphogenesis.
Gene set enrichment analysis (GSEA) implicates cell-ECM interactions during branching morphogenesis
While mesenchymal cells remain undifferentiated during the early stages of epithelial morphogenesis, tenascin C (TNC) accumulates in the mesenchyme adjacent to extending branches, including branch tips and the distal tip of the primary bronchus ( Fig. 1P-T) . This pattern of TNC expression suggested a possible role for ECM remodeling during extension of the epithelium into the surrounding mesenchyme. This conclusion was supported by an unbiased analysis of genes that are differentially expressed during the branching process. We used RNA-Seq to perform differential gene expression analysis on transcripts isolated from lungs at embryonic day (E)5 (HH26-HH27) and E6 (HH28-HH29) ( Fig. 2A,B ). We identified gene ontology (GO) groups that were significantly enriched amongst the differentially expressed transcripts (Fig. 2B , P<0.05). These included several GO groups associated with lung development, including kinase signaling, Wnt signaling and epithelial differentiation.
As expected, this analysis also revealed several GO groups associated with cell-ECM adhesion. Examining the distribution of change in gene expression within each GO group revealed a significant difference when compared with the distribution of the total RNA-Seq dataset (Fig. 2C ). Because integrins direct cellular responses to the ECM, we further validated genes associated with integrin-mediated signaling. We tested gene expression during branch initiation at E5 and as branches extend at E6. As predicted by the RNA-Seq, qRT-PCR analysis confirmed that β1-integrin (ITGB1) is downregulated during branching ( Fig. 2D ) whereas β3-integrin (ITGB3) is upregulated ( Fig. 2E ). The mechanical signaling protein focal adhesion kinase (FAK; PTK2) is elevated during branch extension ( Fig. 2F) , as is the mechanically regulated ECM protein TNC ( Fig. 2G ), which is consistent with our immunofluorescence analysis ( Fig. 1P -T). Taken together, these data reveal that proteins associated with cell-ECM adhesion are differentially expressed during early lung development, suggesting a role for the ECM in mediating interactions between the epithelium and the mesenchyme in the embryonic chicken lung.
Branch initiation occurs independently of basement membrane remodeling
As branches extend in the embryonic chicken lung, the basement membrane thins at the branch tip (Abbott et al., 1991) . However, it is unclear whether basement membrane thinning precedes branch initiation or whether basement membrane remodeling is required for branch extension. To define basement membrane dynamics during epithelial branching, we stained for laminin and perlecan at different stages of the morphogenetic process. At HH24, which corresponds to E4, the primary bronchus is a simple tube ( Fig. 3A) . At this stage, laminin is localized homogenously in a sheath around the basal surface of the bronchial epithelium ( Fig. 3A,B ). New branches initiate along the dorsal surface of the primary bronchus at precise positions over the subsequent days ( Fig. 3A) (Gleghorn et al., 2012; Tzou et al., 2016) . Because of this stereotypy, we can predict the region of the primary bronchus that will eventually initiate each branch. By HH25, the first branch (b1) consistently forms at a position 52% down the length of the primary bronchus ( Fig. 3A,C) .
At HH24, immediately prior to the emergence of b1, we found that the intensity of laminin staining is uniform along the dorsal surface of the airway epithelium, with no apparent decrease in signal in the region where b1 will eventually form (*b1, Fig. 3B ,E). After b1 forms, the intensity of the laminin signal decreases at the branch tip ( Fig. 3C , arrow) and simultaneously increases along the branch stalk ( Fig. 3C, arrowhead) . We observed similar changes in the distribution of the basement membrane protein perlecan ( Fig. S1 ).
Normalizing the staining intensity of laminin to that along nonbranched regions highlights changes in the basement membrane around b1 during branch initiation ( Fig. 3E ). As b1 extends through HH28, the distribution of laminin is maintained, with enhanced signal along the branch stalk ( Fig. 3D , arrowheads) and decreased signal at the branch tip ( Fig. 3D , arrow; F). To better understand how the distribution of laminin changes dynamically during branch extension, we measured the fraction of the branch surface that shows a decrease in laminin staining intensity (when compared with nonbranching regions of the primary bronchus, Fig. 3G ). We found that the percentage of the branch surface with depleted laminin decreases as the branch extends. However, the area of the branch tip with depleted laminin increases during branch extension. Collectively, these data show that the basement membrane does not thin prior to branch initiation. Therefore, basement membrane staining intensity cannot be used to predict future branch sites. However, laminin and perlecan are depleted at the tips of branches after branch initiation, suggesting that the basement membrane is remodeled during branch extension.
Matrix metalloproteinases remodel the basement membrane to promote airway extension
Matrix metalloproteinases (MMPs) influence branching morphogenesis by remodeling the ECM in many organs (Lu et al., 2011) . RNA-Seq analysis also detected the expression of several MMPs during crucial stages of airway branching morphogenesis, including upregulation of MMP2 and downregulation of membraneassociated MMP15, MMP16, MMP17 and MMP24. To determine whether MMP activity is required for thinning of the basement membrane during airway branching in the embryonic chicken lung, we isolated lungs at HH26 and cultured them in the presence of the broad-spectrum MMP inhibitor, GM6001. Branch initiation is not significantly affected at low concentrations of GM6001 (5 or 10 µM) and still occurs at higher concentrations (20 µM, n=10/11 explants, Fig. 4A,B ). However, inhibiting MMP activity causes a reduction in branch extension ( Fig. 4A ,C) and in the projected area of b1 when compared with controls ( Fig. 4D ), without affecting proliferation of the airway epithelium ( Fig. S2 ). These data suggest that MMP activity is necessary for the extension of branches after they have formed. To determine whether MMP activity is required for depletion of the basement membrane during branch extension, explants cultured in the presence of GM6001 were stained for laminin and analyzed as described above. Similar to the distribution in vivo, control explants show reduced laminin at branch tips ( Fig. 4E, arrow) and an increase along branch stalks ( Fig. 4E, arrowhead) . Explants cultured in the presence of GM6001 also exhibit increases in laminin intensity along the stalk of b1 ( Fig. 4F ,G, arrow). However, treatment with GM6001 prevents laminin depletion at the tip of b1 ( Fig. 4F-H) . We found similar effects in explants treated with another broadspectrum MMP inhibitor, batimastat ( Fig. S3A-C) . These data show that MMPs remodel the basement membrane at the tips of epithelial branches to promote branch extension.
To determine which MMPs are responsible for remodeling of the ECM around the branch tip, we isolated lungs from HH28-HH29 chicken embryos and examined the expression of MMPs associated with mammalian lung development (MMP2 and MMP14) as well as MMP9, which is associated with remodeling of the ECM in the adult mammalian lung. Using quantitative RT-PCR analysis, we found significantly higher expression of MMP2 than MMP9 or MMP14 at this stage of development ( Fig. 4I ). To determine which cells express MMP2, we conducted in situ hybridization analysis on lungs isolated from HH25-HH28 embryos. MMP2 transcript is distributed throughout the lung mesenchyme, specifically adjacent to the primary bronchus ( Fig. 4J ). To determine whether MMP2 is required for remodeling the basement membrane, we cultured lung explants from HH26 embryos with an MMP2-specific inhibitor, ARP100, and measured the staining intensity of laminin. Treatment with ARP100 results in a reduction in basement membrane thinning at branch tips ( Fig. 4K ), indicating that MMP2 is required to degrade this ECM during branch extension. Moreover, explants treated with ARP100 have shorter branches and reduced projected area, but the epithelium shows no changes in proliferation ( Fig. S2 ) and still initiates new branches ( Fig. S3D-F ). Treating explants with a second MMP2-specific inhibitor yielded similar results ( Fig. S3G-K) . These data suggest that mesenchymal MMPs, specifically MMP2, degrade the basement membrane and that this process is required for the epithelial branch to extend into the surrounding mesenchyme.
The mesenchymal ECM protein TNC is expressed by the airway epithelium during branch extension
That basement membrane remodeling is required for branch extension suggests that this ECM acts as a barrier to epithelial interactions with the mesenchyme. As the epithelium extends, the mesenchymal ECM might also be remodeled. TNC is a mechanically regulated protein that is associated with an increase in tissue elasticity (Midwood et al., 2016) . TNC protein has been localized to the mesenchyme of the developing lung (Abbott et al., 1991) . In other organs, TNC is expressed by endothelial cells within the blood vessel walls and is associated with vessel maturation . To determine whether the pattern of TNC protein is associated with concurrent development of blood vessels around the airway epithelium, we intravenously injected fluorescently labeled lectin into the extra-embryonic vasculature of the developing embryo in ovo to label the lung vasculature ( Fig. S4 ). We found that blood vessels wrap around the airway epithelium at HH24, before the initiation of epithelial branches or appearance of TNC protein within the mesenchyme. This wrapping continues during the initiation of epithelial branching at HH25; however, very little TNC is observed within the mesenchyme at this time ( Fig. S4B ). TNC protein begins to accumulate within the mesenchyme as epithelial branches extend through the vascular network ( Fig. S4D ), which results in very few blood vessels around the branch tip. These data suggest that the pattern of TNC accumulation within the mesenchyme is independent of mature blood vessels. Table S1 . (C) Violin plots were generated to show the distribution of differentially expressed genes within GO groups relative to the distribution of all genes within the RNA-Seq dataset. (D) Several ECM-related genes found to be differentially expressed were validated, including integrins ITGB1 and ITGB3, FAK (PTK2), and tenascin C (TNC). Data are mean±s.e.m. of n=3 independent experiments. *P<0.05, **P<0.01 using Student's t-test.
To determine which cells express TNC, we performed in situ hybridization analysis on lungs isolated from HH25-HH36 embryos (Fig. 5A, Fig. S5 ). Although TNC protein accumulates in the mesenchyme ( Fig. 1P -T), we found that TNC transcript is localized exclusively to airway epithelial cells, with the highest expression within the cells at the tips of the extending branches ( Fig. 5A-D) , consistent with studies of older lungs (Koch et al., 1991) . When we dissected the mesenchyme away from the epithelium and used qRT-PCR to measure levels of TNC transcript, we found that the epithelium expresses ∼20-fold more TNC than does the mesenchyme ( Fig. 5E-G) . Furthermore, when mesenchyme-free airway epithelium was cultured within Matrigel, this tissue expressed both TNC transcript as well as protein ( Fig. S6 ). Immunofluorescence analysis revealed that TNC protein accumulates in the mesenchyme adjacent to the tips of branches beginning at HH25 and increases in intensity as branches extend through HH29 ( Fig. 5H-L ). This analysis also showed synthesis of TNC protein within epithelial cells at the branch tip ( Fig. 5I , arrow) located adjacent to where it accumulates within the surrounding mesenchyme ( Fig. 5I, arrowhead) . TNC is absent from the mesenchyme surrounding nascent branches ( Fig. 5J -L, asterisks), but increasing amounts of TNC appear as epithelial branches extend ( Fig. 5J-L, arrowheads) .
These data show that synthesis of TNC is restricted to the airway epithelium in the embryonic chicken lung, despite its accumulation in the mesenchyme. In cultured cells, TNC expression is regulated by the mechanosensory protein FAK (McKean et al., 2003) . Consistently, we found activated FAK ( pFAK) localized to the basal region of the airway epithelium ( Fig. 6A ). To determine whether FAK activation is necessary for TNC expression, we cultured explanted lungs in the presence of the FAK inhibitor PF-573228 (Slack-Davis et al., 2007). We found that as the concentration of PF-573228 increased, the levels of TNC protein within the airway epithelium of the lung decreased (Figs 5F,G and 6B-D). Explants treated with the highest concentration of PF-573228 (1 µM) also exhibit significantly shorter branches ( Fig. 6E ) but inhibiting FAK had no effect on proliferation of the airway epithelium ( Fig. S2 ). In situ hybridization analysis revealed that FAK activation is required for expression of TNC transcript by the airway epithelium ( Fig. 6F ). Furthermore, qRT-PCR analysis revealed a significant reduction in TNC transcript levels in explants treated with FAK inhibitor (Fig. 6G ). These data show that epithelial cells at the tips of the branches activate FAK and synthesize TNC, which is transported into the adjacent mesenchyme during branch extension.
Lung mesenchymal cells change shape and increase local tissue fluidity as epithelial branches extend
Although TNC is synthesized by the epithelium, the protein accumulates up to 10 cell diameters away in the mesenchyme adjacent to extending branches. Each TNC monomer is 180-240 kDa and assembles into hexamers as it is exocytosed by the cell (Redick and Schwarzbauer, 1995) . Finite element method-based analysis suggests that the diffusion of a protein of this size is limited (Fig. S7) ; consistently, immunofluorescence analysis revealed a tight association between TNC protein and the basal surface of the epithelium in mesenchyme-free culture (Fig. S6 ). However, we observed TNC protein at distances greater than 50 µm from the basal surface of the airway epithelium. We therefore hypothesized that TNC may be transported through the mesenchyme by convective flow within the tissue surrounding the tip of the epithelial branch. To test this hypothesis, we measured the relative fluidity of the mesenchyme in the embryonic lung. We injected 1 µm diameter fluorescent beads into the mesenchyme and monitored their movement directly in front of an extending branch or adjacent to non-branching epithelium (Fig. 7A,B ). Time-lapse video tracking revealed that beads injected adjacent to branch tips exhibit movements that are greater than diffusion, indicated by a mean squared displacement (MSD) slope >1.0 (Fig. 7C) . In contrast, beads injected adjacent to non-branching epithelium appear to move diffusively (MSD slope ∼1.0). Consistently, beads injected adjacent to extending branches move significantly farther than those adjacent to non-branching epithelium (Fig. 7D) .
To determine why the mesenchyme adjacent to extending branches shows increased fluidity, we stained for F-actin to visualize individual mesenchymal cells (Fig. 7E) . Quantitative imaging analysis of confocal sections revealed that mesenchymal cells adjacent to the tips of epithelial branches are more elongated than those adjacent to non-branching epithelium (Fig. 7E,F) . When we mapped the aspect ratio of mesenchymal cells as a function of position around epithelial branches of increasing lengths (Fig. 7G) , we found that cells with the highest aspect ratios are restricted to the mesenchyme adjacent to the leading edge of the branch (between 0.35 and 0.65 of the total branch surface). This suggests that the extending airway epithelium pushes into the surrounding mesenchyme and compresses the mesenchymal cells. Taken together, these data show that mesenchymal cell elongation and increased fluidity are unique to the mesenchyme adjacent to the airway branch tip. This local increase in tissue fluidity could transport TNC from the epithelium and into the mesenchyme, thus yielding the staining patterns observed during branch extension.
Changes in cellular aspect ratio have been correlated with increases in the fluidity of two-dimensional (2D) epithelial cell sheets, both experimentally and computationally (Bi et al., 2016; Manning et al., 2010; Park et al., 2015) . In particular, elongated epithelial cells with a shape factor (q=P/√A)>3.81 have been found to undergo a solid-to-liquid, or unjamming, transition (Bi et al., 2016) . Although shape factor appears to predict unjamming and an increase in tissue fluidity for 2D epithelial monolayers, it remains unclear whether such a parameter is predictive for threedimensional (3D) mesenchymal tissues in vivo. To begin to assess its relevance, we calculated a 'projected shape factor' from our quantitative imaging data and found that this parameter also correlates with our bead displacement measurements. Specifically, we found that mesenchymal cells adjacent to extending branches have a projected shape factor significantly larger than those adjacent to the non-branching epithelium (Fig. 7H,I) . Moreover, these changes in cell shape directly correspond to the accumulation of TNC in the mesenchyme surrounding the extending airway epithelium (Fig. 7J-M) . These data identify a specific change in the shape of mesenchymal cells surrounding the airway epithelium, which corresponds to increased fluidity within the mesenchyme as branches extend. This motion within the mesenchyme may facilitate the transport of TNC protein and subsequent extension of the epithelial branch.
DISCUSSION
Reciprocal interactions between an epithelium and its surrounding mesenchyme are well appreciated to instruct morphogenesis. For example, grafting lung mesenchyme to non-branching epithelium induces branch formation in the trachea (Wessells, 1970) , suggesting that mesenchymally derived factors drive branching morphogenesis in the lung. This seminal work prompted the use of mesenchyme-free cultures of lung epithelium to test the capacity of soluble, mesenchymally secreted growth factors to induce epithelial branching (Park et al., 1998; Bellusci et al., 1997; Weaver et al., 2003) . Such mesenchyme-free systems identified specific fibroblast growth factors (FGFs) as branch inducers and established a paradigm wherein spatially patterned expression of FGF within the mesenchyme directs the stereotyped epithelial branching observed in the lung (Cardoso and Lu, 2006; Guo et al., 2014; Iber and Menshykau, 2013; Morrisey and Hogan, 2010) . However, although FGF signaling is required for lung formation and branching of the airway epithelium, ubiquitous expression of FGF10 in developing lungs within FGF10-deficient mice restores normal branching patterns (Volckaert et al., 2013) . These data suggest that additional mesenchymally derived signals are required to direct stereotyped branching morphogenesis in the lung. Mechanical forces within the mesenchyme shape growing epithelia and can influence airway epithelial branching . The differentiation of smooth muscle within the mesenchyme is associated with epithelial folding in the mammalian lung (Danopoulos et al., 2018; Kim et al., 2015) and epithelial buckling in the chicken gut (Shyer et al., 2015) . Our data now suggest a crucial role for ECM remodeling in epithelialmesenchymal interactions during branching morphogenesis of the embryonic chicken lung.
In epithelial tissues, the basement membrane provides both mechanical and biochemical signals that direct cell behavior. Concurrent with epithelial branching, the surrounding basement membrane is thinned at the tips of extending branches. It has been proposed that the basement membrane is in a state of isometric tension and that this ECM layer can constrain branching of the airway epithelium (Moore et al., 2005) . Such a model assumes a requirement for localized degradation to increase compliance of the basement membrane, which would promote branch initiation. Our data show that thinning of the basement membrane does not precede branch initiation in the developing chicken lung. Instead, basement membrane thinning is restricted to the leading edges of extending branches after they have already initiated off the primary bronchus. Thinning of the basement membrane requires the activity of MMPs that are expressed in the mesenchyme. Remodeling of the epithelial basement membrane and subsequent branch extension thus requires signaling from the mesenchyme.
Inhibiting MMP activity results in shorter epithelial branches without affecting epithelial proliferation (Fig. S2 ) or TNC synthesis (Fig. S8) . There are two possible explanations for this observation. First, the basement membrane may physically constrain the growing epithelium during lung morphogenesis. Therefore, basement membrane remodeling at the tip of the branch may promote extension of the epithelium into the mesenchyme, similar to other branched epithelia such as the mammary (Wiseman et al., 2003) and salivary (Harunaga et al., 2014) glands. Second, basement membrane proteins may provide biochemical signals that direct epithelial cell behavior. For example, proteoglycans present in the basement membrane, such as perlecan, can sequester and control the release of growth factors that are crucial for branching morphogenesis. During development of the salivary gland, heparanase-mediated cleavage of perlecan modulates the availability of FGF10 to submandibular epithelial cells (Patel et al., 2007) . We found that both laminin and perlecan were depleted at the tips of extending branches; it is possible that this basement membrane remodeling releases growth factors to promote epithelial growth. In addition to basement membrane thinning at the tip of the branch, we observed a significant thickening of basement membrane along the stalk. Considering the mechanical and biochemical roles of the basement membrane described above, we hypothesize that both constraint of epithelial growth and sequestration of growth factors may be altered during branch extension.
As epithelial branches extend, the adjacent mesenchymal cells become elongated, increase tissue fluidity and transport TNC from the epithelial surface to deeper within the mesenchyme. The expression of epithelial-derived TNC requires signaling from the mechanosensory protein, FAK, which is activated in epithelial cells at the tips of extending branches. Inhibiting FAK blocks the synthesis of TNC but has no effect on mesenchymal cell shape (Fig. S2) . Epithelial cells within the branch tip also undergo apical constriction, which increases tensile loading of their basal surfaces (Kim et al., 2013) and may be sufficient to activate FAK. Given that apical constriction of the airway epithelium is required for branch initiation in the embryonic chicken lung (Kim et al., 2013) , we hypothesize that FAK may also regulate airway branching by modulating epithelial cell contractility. Consistent with this hypothesis, fewer branches form in the presence of high concentrations of the FAK inhibitor (Fig. 6B, Fig. S2 ). TNC is often expressed in tissues under mechanical load, such as compressed tendons (Mehr et al., 2000) and stretched skeletal muscle (Fluck et al., 2000) . Our data therefore suggest that TNC expression in the epithelium of the embryonic lung is promoted by mechanical activation of FAK at airway branch tips.
TNC is found at the epithelial-mesenchymal interface in many organs during development (Erickson and Bourdon, 1989) , including the mesenchyme of growing intestinal villi (Belanger and Beaulieu, 2000) , the stroma of the embryonic mammary gland (Inaguma et al., 1988) and the metanephric mesenchyme of the kidney (Aufderheide et al., 1987) . Surprisingly, TNC protein is not detected in these tissues until the epithelial cell layer has impacted the geometry of the adjacent mesenchyme. For example, TNC is prominent in the kidney mesenchyme only after epithelial tube ingression (Aufderheide et al., 1987) , suggesting epithelialmesenchymal interactions might promote accumulation of TNC in the mesenchyme. Moreover, grafting kidney epithelial cells into undifferentiated, TNC-free mesenchyme results in the accumulation of TNC protein (Aufderheide and Ekblom, 1988) , suggesting that epithelial cells are required for TNC production. In contrast to the current paradigm, which suggests that epithelial cells provide an inductive cue to stimulate mesenchymal expression of TNC (Erickson and Bourdon, 1989) , our data show that TNC is synthesized by airway epithelial cells at the branch tips and is transported into mesenchyme. It will be interesting to determine whether this classical 'mesenchymal ECM' is also expressed by the epithelium in other organ systems.
TNC is a large hexameric protein, which our finite element modeling predicts would show limited diffusion from the surface of the epithelial branch. However, we observe TNC in the mesenchyme greater than 50 µm away from the basal surface of the epithelium. One possible explanation for this observed distribution of TNC is that the mesenchyme adjacent to extending branches is more fluid than the mesenchyme near non-branching epithelium. Indeed, changes in tissue fluidity have been observed in other organs during embryonic development. During elongation of the vertebrate body axis, the notochord extends (Kimmel et al., 1995) and imparts mechanical stress (Serwane et al., 2017) on the adjacent mesoderm, which deforms mesodermal cells. These changes in mesodermal cell geometry drive a solid-to-fluid transition within the mesoderm, which reduces the viscosity and increases the relative fluidity of the tissue directly in front of the extending notochord (Mongera et al., 2018) . During epithelial morphogenesis in the lung, branches extend into the mesenchyme and deform the adjacent cells. This deformation may result from mechanical compression of the mesenchyme by the extending epithelium. Similar to what occurs in the vertebrate mesoderm during body axis elongation, the pulmonary mesenchyme becomes fluid as airway epithelial branches elongate, which may transport an epithelial-derived mesenchymal protein (TNC) into the tissue. Several cell types within the mesenchymal compartment, including endothelial cells, express receptors for TNC (Orend and Chiquet-Ehrismann, 2006) and could bind to and facilitate the transport of this protein as they migrate. However, branch extension may also promote interstitial fluid flow, which could transport TNC by advection.
The relative abundance of TNC and other ECM proteins within the mesenchyme could impact branching morphogenesis in several ways. First, cells activate integrin signaling and mechanotransduction pathways when they adhere to fibronectin (Sun et al., 2016) . However, TNC directly competes with fibronectin-integrin interactions, resulting in destabilization of focal adhesion complexes (Midwood and Schwarzbauer, 2002) and reduced cell adhesion to fibronectin . This could alter cellular sensitivity to stresses during morphogenesis (Sarasa-Renedo et al., 2006) . TNC may also affect the bulk mechanics of the pulmonary mesenchyme. Singlemolecule mechanical testing has revealed that although fibronectin is the most extensible ECM protein currently known (Klotzsch et al., 2009) , it has greater tensile strength and slower mechanical recovery after stretch than does TNC (Oberhauser et al., 2002 (Oberhauser et al., , 1998 . Considering its elastic nature, localized incorporation of TNC at branch tips may increase the compliance of the mesenchyme to facilitate epithelial extension.
Here, we present a mechanistic model for airway branching morphogenesis in the avian embryonic lung. Epithelial cells undergo apical constriction to initiate branching and simultaneously activate FAK. Activated FAK is necessary for epithelial synthesis of TNC. After branching is initiated, both the basement membrane and the mesenchymal ECM are actively remodeled. Basement membrane thinning at the branch tip facilitates branch extension and requires mesenchymally derived MMP2. As the epithelium extends, the adjacent mesenchymal cells change shape, which corresponds to a local increase in fluidity of the mesenchyme and transport of TNC from the epithelial surface deeper into the stroma. Therefore, dynamic and reciprocal interactions between the epithelium and mesenchyme remodel the ECM and promote airway branching morphogenesis in the embryonic chicken lung.
MATERIALS AND METHODS
Ex vivo culture of embryonic chicken lungs
Fertilized White Leghorn chicken (Gallus gallus variant domesticus) eggs were obtained from Hyline International. All experiments with embryonated eggs complied with ethical regulations for the care and use of animals, as approved by the Princeton University Institutional Animal Care and Use Committee. Eggs were incubated at 37°C until the desired developmental stage. Embryonic lungs were dissected in sterilized PBS. Lung explants were transferred to Nuclepore Track-Etch membranes (25 mm diameter, 0.8 µm pore size, Whatman) in DMEM/F12 medium (without HEPES) containing 5% fetal bovine serum (FBS, Atlanta Biologicals) and 50 units/ml penicillin/streptomycin (Invitrogen), as described previously (Gleghorn et al., 2012; Kim et al., 2013) . Small molecule inhibitors of FAK (PF-573228, Sigma) and MMPs (GM6001, Calbiochem; batimastat, Tocris; ARP100, Tocris; MMP2i-II, Calbiochem) were added to the culture medium and explants were imaged under bright field using an inverted microscope (Nikon).
RNA extraction, library construction and sequencing
Total RNA was isolated from chicken lungs freshly dissected at embryonic day (E)5 (HH25-HH27) or E6 (HH28-HH29) using the RNeasy Fibrous Tissue Mini kit (Qiagen). Library construction for RNA sequencing was performed using the TruSeq Stranded mRNA Sample Preparation Guide, Low Sample (LS) protocol according to the manufacturer's instructions (Illumina). Sequencing was performed using the Illumina HiSeq 2000 Platform at the Lewis Sigler Institute for Integrative Genomics sequencing facility, using three independent samples for each time point (E5 and E6). The dataset was analyzed using DESeq2 package and gene ontology (GO) analysis was performed using the GSEA software package, referencing Ensembl genome Gallus_gallus-4.0 for gene annotation. All GO sets with a P<0.05 are listed in Table S1 .
Mesenchyme-free culture
Lungs dissected from HH28-HH29 embryos were incubated in 10 U/ml dispase for 20 min at room temperature and the mesenchyme was removed using fine tungsten needles. Denuded airway epithelium was then embedded in Matrigel (BD Biosciences) and cultured in DMEM/F12 medium supplemented with 5% FBS and 150 ng/ml fibroblast growth factor 1 (FGF1; R&D Systems). Mesenchyme-free epithelium was cultured for 24 h and then either fixed in 4% paraformaldehyde (PFA) and immunostained for TNC and E-cadherin, or transferred to Trizol (Invitrogen) for RNA isolation, Verso cDNA synthesis (Thermo Fisher Scientific) and qPCR (iTaq SYBR Green Supermix, Bio-Rad) analysis following manufacturers' protocols.
Immunohistochemistry
For whole-mount analysis, lungs were fixed for 15 min in 4% PFA at room temperature and immunostained following standard procedures. For sectioned immunohistochemistry, lungs were fixed in 4% PFA overnight at 4°C, then perfused with 5% and 15% (w/v) sucrose in PBS and embedded in 7.5% (w/v) gelatin containing 15% (w/v) sucrose. Lungs were cryosectioned into 14 μm sections and prepared for immunostaining using standard protocols. The following primary antibodies were used at 1:30 dilution in antibody buffer [PBS containing 0.1% Triton X-100, 5% heatinactivated goat serum (Atlanta Biologics) and 0.1% bovine serum albumin (BSA)]: mouse anti-laminin [31/31-2; IgG1; Developmental Studies Hybridoma Bank (DSHB)], mouse anti-perlecan (5C9; IgG1; DSHB), mouse anti-fibronectin [VA1(3); IgG1; DSHB] and mouse anti-TN (M1-B4; IgG1; DSHB). The M1-B4 TN antibody is a polyclonal antibody that detects multiple tenascin proteins; however, only TNC was detected in the chicken lung. For simplicity, we refer to the protein labeled by the M1-B4 antibody as TNC. Mouse anti-E-cadherin (1:200; IgG2a; BD Transduction Laboratories) or rabbit anti-cytokeratin (1:200; IgG; Agilent) were used to label airway epithelial cells. Rabbit anti-FAK ( pY397) was used to label activated FAK (1:200; IgG; Invitrogen). The following secondary antibodies (Invitrogen) were used at 1:200: Alexa-647 goat antirabbit IgG, Alexa-594 goat anti-mouse IgG2a, Alexa-488 goat anti-mouse IgG1 and Alexa-594 goat anti-rabbit IgG. Slides were cover-slipped with Perma Fluor (Thermo Fisher Scientific). Whole-mount immunostained tissues were cleared in glycerol. Lungs used for phalloidin staining were fixed in 4% PFA supplemented with 0.25% glutaraldehyde for 15 min at room temperature and were labeled with phalloidin 594 (1:200; Invitrogen) overnight at 4°C. Tissues were cleared by first dehydrating in a graded isopropanol wash series, followed by perfusion with Murray's clear (1:2 ratio of benzyl alcohol:benzyl benzoate; Sigma). Fluorescent images were captured using a spinning disk confocal (BD CARV II, Biosciences) attached to an inverted microscope (Nikon Ti).
EdU analysis
Proliferating cells were detected with the Click-iT EdU Imaging kit (Invitrogen). Cultured explants were pulsed with 5-ethynyl-2′-deoxyuridine (EdU) for 30 min and then fixed in 4% paraformaldehyde. AlexaFluor-azide was used to visualize EdU + cells following the manufacturer's protocol.
Explants were then immunostained for E-cadherin as described above to determine the number of EdU + cells within the airway epithelium.
qRT-PCR analysis
Total RNA was isolated from explanted tissue following standard Trizol extraction (Invitrogen). Reverse transcription of RNA was performed using the Verso cDNA synthesis kit (Thermo Fisher Scientific) according to the manufacturer's protocol. qRT-PCR was conducted on a StepOnePlus Realtime PCR System (Applied Biosystems) using iTaq Universal SYBR Green SuperMix (Bio-Rad). To validate gene expression observed in the RNA-Seq, each target gene was normalized to that of 18S ribosomal RNA (Kuchipudi et al., 2012) . Differential gene expression in explanted lungs was normalized to that of GAPDH using previously published primers (Spurlin and Lwigale, 2013) . The primers used for qRT-PCR are listed in Table S2 .
Analysis of basement membrane staining intensity
Measurements of protein distribution and staining intensity were performed using the ImageJ line measurement tool. The width of the selection line was adjusted to span the width of staining, and this was held constant for all images of the same stain. Basement membrane levels were measured by tracing the basal surface of the dorsal airway epithelium. Intensity of mesenchymal protein was measured by drawing the line selection through 30 µm of mesenchyme directly proximal to the tip of the b1 branch between 0.2-0.7 of the total length of the branch surface.
Protein isolation and western blotting
After culturing explanted lungs, 10-12 lungs were pooled together for each independent sample. Samples were homogenized in 3× Laemmli lysis buffer and protein concentrations were measured using the Pierce bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific). Samples were then mixed with bromophenol blue, boiled at 95°C for 5 min and resolved by electrophoresis on a 4-12% gradient SDS-PAGE gel in nonreducing conditions. Proteins were then transferred onto nitrocellulose membranes, which were blocked in 5% nonfat milk for 1 h at room temperature and incubated overnight at 4°C in blocking buffer containing antibodies to detect TNC (1:100; DSHB) or GAPDH (1:2000; Cell Signaling). Gels were imaged using a FluorChem E gel imaging system (Cell Biosciences).
Cell segmentation and heat map analysis
Cell shape was identified by staining lungs for F-actin. For whole-mount lungs, confocal stacks were generated with 0.5 µm z-resolution. An optical section from the center of the branch was selected and used for analysis. All images were subjected to background subtraction. Because F-actin labels cell boundaries, images were inverted to visualize cell shape. The 'analyze particle tool' in ImageJ was used to trace cells and compute aspect ratio (cell length/width). Heat maps of the aspect ratio of mesenchymal cells around the surface of epithelial branches were generated using a custom script in MATLAB. In brief, segmented cells around the branch tip were assigned coordinates of distance from the branch surface and relative arc position along the branch surface (where 0.0 is the proximal base and 1.0 is the distal base of the branch, Fig. S9 ). Branches of similar length were grouped together (binned by 30 µm branch length) to generate an average contoured branch surface. Respective average deformation in the mesenchyme was then fit to the average contour of the branch surface. Magnitude of cell deformation was measured by computing average cell aspect ratio within a constant area of mesenchyme (2100 µm 2 ) centered at the tip of b1 branches during various stages of extension.
In situ hybridization
Riboprobes for in situ hybridization analysis were generated by amplifying a target gene fragment from a HH28 lung cDNA pool. Individual gene fragments were cloned into TOPO-PCRII (Invitrogen) and digoxigenin (DIG)-labeled riboprobes were synthesized by in vitro RNA transcription reaction (Sigma). The primers used to generate these probes are listed in Table S2 . Sense negative controls were hybridized in parallel for each gene.
Isolated lungs were fixed overnight in 4% PFA and stored at −20°C in 100% methanol until use. Prior to hybridization, lungs were rehydrated in diethyl pyrocarbonate (DEPC)-treated PBS containing 0.01% Tween-20 and digested with proteinase K (10 µg/ml; Thermo Fisher Scientific) for 10 min at room temperature. Tissue digestion was terminated by re-fixation of lungs with 4% PFA in DEPC-PBS supplemented with 0.01% glutaraldehyde for 15 min. Tissues were then hybridized with riboprobe at 58.5°C overnight. After hybridization, probes were detected with anti-DIG antibody conjugated with alkaline phosphatase (Sigma) and color was developed with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT; Sigma), according to the manufacturer's instructions. Following color development, lungs were fixed with 4% PFA, cleared in glycerol and imaged using an OMAX A35140U digital microscope camera mounted on a dissection stereomicroscope (Olympus).
Blood vessel labeling
Blood vessels in the developing lungs were labeled by injecting the extraembryonic vitelline vasculature of staged chicken embryos with 20 µl of 2 mg/ml fluorescein-conjugated lectin isolated from Sambucus nigra (Vector Laboratories). Lungs were then isolated and immunostained as described above.
Particle injection and tracking
Pulled glass needles were used to inject 1 μm diameter carboxylate-modified latex FluoroSpheres (excitation: 580 nm, Invitrogen) into intact explanted lung mesenchyme surrounding the tip of b1 or adjacent to non-branching regions. Lung explants were cultured on Falcon Cell Culture transwell inserts (353181, Corning) within 12-well tissue culture plates. Timelapse imaging was performed using a stage-top incubator held at 37°C, 5% CO 2 and 90% relative humidity (Pathology Devices). Z-stack images (20 μm) were collected every 30 min. A timelapse video was generated from the center-most z position of each branch. Beads were identified and tracked using the 2D particle tracking plug-in within the FIJI/ImageJ MosaicSuite (Sbalzarini and Koumoutsakos, 2005) . A minimum of 10 representative beads from each timelapse video were analyzed. Tracks were only considered if the bead was continuously tracked for at least 7.5 h. The time-and ensemble-averaged mean squared displacement (MSD) of beads was calculated using Eqn 1. MSD data were fit to a power-law model in order to estimate the slope:
MSDðtÞ ¼ hðxðt þ tÞ À xðtÞÞ 2 i þ hðyðt þ tÞ À yðtÞÞ 2 i: ð1Þ
Statistical analysis
Statistical analysis was completed using GraphPad statistical tools. Student's t-test was used for any comparisons between one condition and its control. One-way ANOVA with Tukey multiple comparison post-hoc test was used for all other data analysis.
